We analyzed the natural genetic variation between Landsburg erecta (Ler) and Cape Verde Islands (Cvi) accessions by studying 105 recombinant inbred lines to search for players in the regulation of sensitivity to light signals perceived by phytochromes in etiolated seedlings of Arabidopsis. In seedlings grown under hourly pulses of far-red (FR) light, we identified three quantitative trait loci (QTLs; VLF3, VLF4, and VLF5) for hypocotyl growth inhibition and three different QTLs (VLF6, VLF7, and VLF1) for cotyledon unfolding. This indicates that different physiological outputs have selective regulation of sensitivity during de-etiolation. Ler alleles, compared with Cvi alleles, of VLF3, VLF4, VLF5, VLF7, and VLF1 enhanced, whereas the Ler allele of VLF6 reduced, the response to pulses of FR. We confirmed and narrowed down the position of some QTLs by using near-isogenic lines. VLF6 mapped close to the CRY2 (cryptochrome 2) gene. Transgenic Ler seedlings expressing the Cvi allele of CRY2 showed enhanced cotyledon unfolding under hourly pulses of FR compared with the wild type or transgenics expressing the CRY2-Ler allele. This response required phytochrome A. The cry1 cry2 double mutant lacking both cryptochromes showed reduced cotyledon unfolding under FR pulses. Because the CRY2-Cvi is a gain-of-function allele compared with CRY2-Ler, cryptochrome activity correlates positively with cotyledon unfolding under FR pulses. We conclude that the blue light photoreceptor cryptochrome 2 can modulate seedling photomorphogenesis in the absence of blue light. In addition to the nuclear loci, we identified cytoplasmic effects on seedling de-etiolation.
Seedlings grown in darkness show elongated shoot axis and rudimentary development of the foliage and of the photosynthetic machinery (Nemhauser and Chory, 2002) . This etiolated body form is considered to facilitate penetration through the soil and seedling emergence. Light induces the transition from this so-called skotomorphogenic pattern to the photomorphogenic pattern of development. The seedling becomes de-etiolated as rapid axis growth ceases the leaves or cotyledons unfold, expand, and become green, whereas the cellular and biochemical components of the photosynthetic machinery are established. De-etiolation is initiated by red (R) and farred (FR) light perceived by phytochromes (Quail, 2002) , and blue light perceived primarily by cryptochromes (Cashmore et al., 1999) and secondarily by phototropins (Parks and Spalding, 1999; Briggs and Christie, 2002) and even by phytochromes. These photoreceptors form an interconnected signaling network (Casal, 2000) . There are five phytochromes (phyA-phyE) in Arabidopsis (Mathews and Sharrock, 1997) . De-etiolation induced by R requires phyB (Reed et al., 1994) and phyA (Mazzella et al., 1997) , whereas de-etiolation under FR requires phyA (Whitelam et al., 1993) .
Three photobiologically discrete components of the phytochrome-mediated de-etiolation response can be distinguished in Arabidopsis and other species based on the effects of different R/FR treatments and different frequencies of excitation (Casal et al., 2003) . The very low-fluence response (VLFR) is mediated by phyA and saturates with very low fluences of R or FR. Long-term effects on hypocotyl growth inhibition or cotyledon unfolding require these pulses to be repeated. The low-fluence response (LFR) of phyB is induced by R and not by FR, which is actually able to revert the effect of R. The high-irradiance response (HIR) is also mediated by phyA and requires sustained excitation with FR. HIR and VLFR can be dissected genetically and molecularly at the level of phyA domains (Casal et al., 2002; Yanovsky et al., 2002) and cis-acting regions of target gene promoters (Cerdán et al., 2000) . The VLFR pathway would initiate de-etiolation when seedling emergence from the soil is impending. The LFR of phyB mediates deetiolation under the high R to FR ratios of open places, and the HIR of phyA does the same under the low R to FR ratios of dense canopies (Yanovsky et al., 1995; Smith and Whitelam, 1997) . The contribution of each of these pathways differs with the species and the specific process under phytochrome control.
A source of significant genetic variation in deetiolation responses can be found among naturally occurring populations of a given species. For example, in a set of 97 accessions of Arabidopsis, the promotion of hypocotyl growth by low R to FR ratios typical of dense canopies compared with high R to FR ratios of open places ranged from 50% to 600% (Botto and Smith, 2002) . Compared with other accessions, the Lm-2 has reduced HIR caused by a single amino acid change affecting the biochemical properties of phyA (Maloof et al., 2001) . Recombinant inbred lines (RILs) are available and allow a detailed investigation of variation between two parental strains (Alonso-Blanco and Koornneef, 2000; Maloof, 2003) . This variability provides an excellent opportunity to identify loci involved in the fine regulation of VLFR, LFR, and HIR, particularly because the contribution of each one of these signaling pathways can be estimated by simultaneous analysis of different samples of each line under various light/dark conditions. The later is not possible in a mutant screening protocol. The first genetic dissection between VLFR and HIR was obtained by using RILs between Landsberg erecta (Ler) and Columbia (Col) to identify two quantitative trait loci (QTLs; VLF1 and VLF2) controlling the VLFR of seed germination, hypcotyl growth inhibition, and cotyledon opening (Yanovsky et al., 1997) . In addition, several QTLs for hypocotyl length were mapped based on the genetic variation between Ler and the Cape Verde Islands (Cvi) accessions under different light/hormone environments (Borevitz et al., 2002) . Here, we uncover new loci that selectively regulate subsets of phytochrome-mediated deetiolation responses by using Cvi/Ler RILs and nearisogenic lines (NILs). The identification of one of the genes involved in QTL analysis demonstrates a previously unsuspected role for a known player in photomorphogenesis. In addition to several nuclear loci, we identified cytoplasmic effects on seedling de-etiolation.
RESULTS

Hypocotyl Growth Inhibition and Cotyledon Unfolding in Ler, Cvi, and RILs
We measured hypocotyl length and the angle between cotyledons in seedlings of Ler and Cvi accessions and of 105 RILs grown in darkness or under hourly pulses of FR, hourly pulses of R, or continuous FR. In dark-grown seedlings, the hypocotyl was shorter in Ler compared with Cvi parental accessions. The difference was even larger under hourly pulses of FR and R, but it was not significant under continuous FR (Fig. 1) . The cotyledons were closed in darkness. Cotyledon unfolding was enhanced in Cvi compared with Ler under hourly pulses of FR (Fig. 1) . However, the differences were not significant under hourly pulses of R or continuous FR. Actually, R pulses failed to enhance cotyledon unfolding compared with FR pulses in Cvi (Fig. 1) .
The frequency distribution of RILs was very different for each physiological output. For hypocotyl length, the range of variation was large (7-8 mm compared with an average length between 11.7 mm in darkness and 4.7 mm under continuous FR) and similar for each light condition (Fig. 1) . For cotyledon unfolding, the RILs showed a full-scale variation (7°-178°) under hourly pulses of FR, a narrow range under continuous FR (128°-180°) and an intermediate variation under hourly pulses of R ( Fig. 1 ; Supplemental Table I ).
The RILs showed transgressive variation in both directions compared with the parental lines for both traits in almost all conditions, with the exception of cotyledon angle in darkness (no unfolding) and under continuous FR (parental lines showed saturated response; Fig. 1 ). This suggests that parental lines contain a balance of different alleles at several loci with contrasting effects on a given physiological output. In addition, cotyledon angle and hypocotyl length values of the RIL population showed no obvious correlation under any light condition (Supplemental Fig. 1 ). This suggests that different loci are involved in the control of each physiological output, an expectation that was met by the results of QTL mapping described below.
Different QTLs Control Hypocotyl Growth and Cotyledon Unfolding Responses
For mapping purposes, we used two complementary approaches based either on: (a) the absolute values of hypocotyl length and cotyledon angle in darkness, pulses of FR and R, and continuous FR; or (b), the differences between darkness and pulses of FR, between pulses of FR and pulses of R, and between pulses of FR and continuous FR. These differences calculate the contribution of phyA acting in the VLFR mode, phyB mediating the LFR, and phyA acting in the HIR mode, respectively (Casal et al., 1998) . Conservatively, our analysis detected five QTLs controlling hypocotyl growth and three QTLs controlling cotyledon unfolding ( Tables II and III) . The total additive effects of these QTLs accounted for a maximum of 41% of the phenotypic variation of a given trait (Fig. 2; Supplemental Tables II and III) . No significant two-way QTL ϫ QTL interaction among the various nuclear QTLs identified was detected (P Ͼ 0.001).
HYP1 and HYP2 Control Hypocotyl Growth in Darkness
Two loci mapping to chromosomes 1 and 2 were detected in darkness and almost under every light condition (Fig. 2) . Based on Borevitz et al. (2002) , who observed loci with pleiotropic effects in darkness and/or continuous light environments (i.e. white, blue, R, and FR) at similar positions using the Cvi/ Ler RIL population, the loci were named HYP1 (chromosome 1) and HYP2 (chromosome 2).
The Ler allele of HYP1 increased hypocotyl length compared with the Cvi allele, and the opposite was true for HYP2 (Fig. 2) . HYP1 was not significant for hypocotyl length under hourly pulses of R. This situation reflects the fact that the Ler allele of HYP1 increased hypocotyl length in darkness and under FR, and it also increased the inhibition of hypocotyl growth caused by R compared with FR pulses (i.e. LFR; Fig. 2 ). The effect on the LFR seemed rather specific because neither the VLFR nor the HIR were affected by HYP1. HYP2 mapped close to the ER (ERECTA) marker (Fig. 2 ), but because Ler and La(ERϩ) seedlings showed no differences in hypocotyl growth (mean Ϯ se, darkness, 11.9 Ϯ 0.4 and 12.3 Ϯ 1.3 mm; hourly FR pulses, 8.4 Ϯ 0.7 and 8.5 Ϯ 0.9 mm; hourly R pulses, 6.9 Ϯ 0.3 and 6.2 Ϯ 0.5 mm, respectively), we conclude that HYP2 is not the ERECTA locus.
VLF3, VLF4, and VLF5 Control the VLFR of Hypocotyl Growth
Three QTLs mapping to chromosomes 1, 3, and 5 affected the VLFR of hypocotyl growth (Fig. 2) . Following the terminology used by Yanovsky et al. (1997) , who identified VLF1 and VLF2 in Ler/Col RILs, the loci at novel positions were named VLF3, VLF4, and VLF5, respectively. The three VLF QTLs together accounted for 26.3% of the total phenotypic variation observed in the VLFR. For all three loci, Ler alleles increased the VLFR compared with Cvi alleles (Fig. 2) .
VLF4 was also detected for hypocotyl length under hourly pulses of FR or R, and this indicates that the magnitude of the effect on the VLFR was enough to modify the absolute hypocotyl length under these conditions. To confirm VLF4, we used NIL DOG6 carrying a small Cvi fragment between 40 and 65 cM in chromosome 3. NIL DOG6 showed reduced VLFR of hypocotyl growth compared with Ler (12% Ϯ 3% and 27% Ϯ 4% inhibition, respectively), thus confirming the presence of VLF4.
VLF5 was localized toward the top of chromosome 5 close to VLF2 (maximum LOD score at 25 and 7 cM, respectively). However, VLF2 affected primarily the VLFR of cotyledon unfolding and secondarily the VLFR of hypocotyl growth, whereas VLF5 only affected hypocotyl growth. VLF5 also mapped close to the flowering repressor FLC (flowering locus C), but flc mutants had no obvious VLFR phenotype suggesting that VLF5 and FLC are two different loci (data not shown). To confirm the position of VLF5, we used NIL 130 carrying an introgressed Cvi fragment of 30 cM at the top of the chromosome 5. As expected, NIL 130 showed reduced VLFR of hypocotyl growth compared with Ler (16% Ϯ 2% and 27% Ϯ 4% inhibition, respectively).
VLF1, VLF6, and VLF7 Control the VLFR of Cotyledon Unfolding
Three QTLs, VLF6 and VLF7 mapping to chromosome 1 and VLF1 mapping to chromosome 2, affected the VLFR of cotyledon unfolding (Fig. 2) . The VLFR of cotyledon unfolding was enhanced by the Cvi allele of VLF6 and the Ler alleles of VLF7 and VLF1. Interestingly, the Cvi allele of VLF6 increased the VLFR but reduced the LFR compared with the Ler allele (Fig. 2) . A similar feature has been observed for other loci affecting the VLFR (e.g. EVE1; Luccioni et al., 2002) and has been interpreted as the result of an early element of the VLFR signaling pathway negatively regulating the LFR of phyB (Cerdán et al., 1999) . The Cvi allele of VLF7 also negatively affected the HIR, but it was not significant for the LFR (Fig. 2) .
The locus VLF1 was identified in chromosome 2 with an LOD score significant under hourly pulses of R (Fig. 2) and incipient but below the threshold under hourly pulses of FR (LOD ϭ 1.55). To confirm the presence of VLF1, we measured cotyledon unfolding in seedlings of NIL 43 carrying a 20-cM Cvi fragment around the ERECTA locus in the Ler background. The cotyledon unfolding of NIL 43 seedlings was significantly reduced under hourly pulses of FR (i.e. VLFR) compared with Ler (58°Ϯ 8°and 99°Ϯ 6°, P Ͻ 0.001, respectively), and the effect was not increased under hourly pulses of R (93°Ϯ 9°and 127°Ϯ 4°, P Ͻ 0.01, respectively). This indicates that this locus affects mainly the VLFR. In addition, since NIL 43 showed reduced VLFR of cotyledon unfolding but normal hypocotyl length compared with Ler in all light/dark conditions (e.g. darkness, 11.5 Ϯ 1.3 and 11.6 Ϯ 0.5 mm; hourly FR pulses, 8.4 Ϯ 0.8 and 8.4 Ϯ 0.7 mm, respectively). VLF1 and HYP2 appear to be different loci (i.e. NIL 43 retained the VLF1 but not the HYP2 phenotype). To further refine the position of VLF1, we analyzed the segregation of six markers in the F 3 families from an F 2 population of 40 individuals derived from a cross between NIL 43 and Ler. The LOD score was below the threshold for the three markers placed toward the top end of the insertion (F3P11, MSAT2.36, and PLS7), and this excludes the PHYB gene as a candidate for this locus. The LOD score was significant for F13B15, which showed no segregation with the bottom end markers MSAT241 and nga1126 (data not shown). The lines with Ler alleles for the markers F13B15 to nga1126 showed stronger cotyledon unfolding under FR pulses than the lines with Cvi alleles (85°Ϯ 5°and 33°Ϯ 10°; P ϭ 0.003, respectively). Thus, VLF1 would be placed in the region between PLS7 and the bottom end of the insertion. 
VLF6 Is the CRY2 Gene
To narrow down the position of VLF6, we used NIL 45-and EDI-NIL-containing Cvi regions introgressed into a Ler genetic background on the top of chromosome 1. Both NILs increased significantly cotyledon unfolding compared with Ler (Fig. 3) , confirming the presence of VLF6 at the top of chromosome 1. Because this chromosomal region contains the CRY2 (cryptochrome 2) gene, which is known to be polymorphic between Ler and Cvi (El-Assal et al., 2001), we used transgenic seedlings in the Ler background carrying an additional copy of the CRY2 from Ler (CRY2-Ler) or from Cvi (CRY2-Cvi) to investigate whether this blue light photoreceptor gene was playing a role in the absence of blue light. Cotyledon unfolding was enhanced by the Cvi but not by the Ler transgene (Fig. 3) . The natural substitution of Val (Ler) for Met (Cvi) at position 367 creates a dominant gain-of-function of CRY2 allele (El-Assal et al., 2001) . Further support for a role of CRY2 in the control of the VLFR of cotyledon unfolding was provided by transgenic lines bearing as a transgene either the CRY2-Ler allele, where the Val-367 was changed to Met-367, or the CRY2-Cvi allele bearing the Met-367 to Val-367 replacement (El-Assal et al., 2001 ). The sole substitution of this amino acid was enough to modify the effect of the transgene on cotyledon unfolding in a manner consistent with a critical role of this residue in the whole CRY2 gene (Fig. 3) . The single cry1 (cryptochrome 1) or cry2 loss-of-function mutants had no significant effects, but the cry1 cry2 double mutant showed reduced cotyledon unfolding under FR pulses (P Ͻ 0.01, Fig. 3 ). Because the Cvi is a gain-of-function allele compared with the Ler allele, the results of the loss-of function mutants indicate a positive correlation between cryptochrome activity and the VLFR of cotyledon unfolding. The phyA mutation was epistatic over the enhanced cotyledon unfolding under hourly FR (Fig. 3) but not on the flowering phenotype of the Cvi allele (data not shown; see also S.E.-D. El-Assal, C. Alonso-Blanco, A.J.M. Peeters, C. Wagemaker, J.L. Weller, and M. Koornneef, unpublished data). The analysis of RILs indicated that the Ler allele of VLF6 reduced the VLFR but increased the LFR of cotyledon unfolding (Fig. 2) . This issue was investigated in further detail by characterizing the cotyledon unfolding response under hourly pulses of R, FR, or R-FR mixtures, providing a series of calculated proportions of phytochrome in the Pfr form (Fig. 4) . Given the unexpected effects of cry2 in the absence of blue light, the first important conclusion from these experiments is that the Cvi allele of CRY2 enhances cotyledon unfolding even under hourly pulses of long-wavelength FR provided by a well-known filter (Schott RG9) that cuts off all visible light (Fig. 4 , calculated Pfr/P ϭ 3%; data not shown), indicating that the observed effects were not due to any contamination with blue light. The EDI-NIL showed en- Cotyledon angle in seedlings of Ler, NIL-EDI, CRY2-Cvi, and CRY2-Ler-367M grown under hourly pulses of FR, R, or R-FR mixtures providing a series of calculated Pfr/P (3%, 10%, 33%, 61%, and 87%). The standard FR source used in the rest of the experiments corresponds to a calculated Pfr/P ϭ 10%. Inset, Slopes (⌬ cotyledon angle/⌬ Pfr/P) of the VLFR (0%-10% Pfr/P) and LFR (10%-87% Pfr/P). Data are means Ϯ SE of three independent experiments with at least three replicate boxes each.
hanced VLFR but did not show LFR (Fig. 4, inset) . This is a genuine negative effect on the LFR because these seedlings were well below the maximum attainable cotyledon unfolding (Fig. 4) . The transgenic line overexpressing CRY2-Ler behaved like WT (calculated Pfr/P 10% ϭ 60°Ϯ 14°and calculated Pfr/P 87% ϭ 139°Ϯ 5°).
Cytoplasmic Effects on Cotyledon Unfolding
Because the RILs were obtained from reciprocal crosses (Alonso-Blanco et al., 1998a), cytoplasmic effects could be analyzed. Noteworthy, significant LOD scores were detected for VLFR and LFR (LOD ϭ 2 and 2.6, respectively) No significant two-way interaction was found between the cytoplasm and the nuclear QTLs identified (P Ͼ 0.001). The RILs derived from crosses involving a Ler mother showed enhanced VLFR and reduced LFR when compared with the lines derived from a Cvi mother (Fig. 5) .
DISCUSSION
The analysis of VLFR, LFR, and HIR during deetiolation in RILs derived from the cross between Cvi and Ler has yielded three important conclusions: First, cryptochromes can control selective aspects of photomorphogenesis in the absence of blue light; second, multiple QTLs control specific features of the de-etiolation syndrome; and third, maternal extranuclear information controls some de-etiolation responses.
The existence of specific blue-light photoreceptors had been indicated first by elegant physiological experiments where the effects of blue light could not be accounted for by the action of phytochromes (Thomas and Dickinson, 1979) and by identification of the hy4 mutant of Arabidopsis affecting hypocotylgrowth responses to blue light but not to R or FR (Koornneef et al., 1980) . Cloning of a T-DNA mutant allele of hy4 finally allowed the discovery of cry1 (Ahmad and Cashmore, 1993; Lin et al., 1995) followed shortly afterward by cry2, which affects deetiolation under very low fluences of blue light and the photoperiodic response of flowering (Lin et al., 1995 (Lin et al., , 1998 . The Val residue at position 376 is highly conserved among cryptochrome genes, but it is substituted to Met in the Cvi allele of CRY2 (El-Assal et al., 2001 ). The EDI-NIL carrying CRY2-Cvi is hypersensitive to continuous blue light during deetiolation (El-Assal et al., 2001) . Here, we show that an effect of cry2 on cotyledon unfolding can also be observed under hourly pulses of FR in the absence of any blue light. This is particularly obvious for the Cvi compared with the Ler allele of CRY2, but it is also detectable for the Ler compared with the cry2 mutant allele in the cry1 mutant background (Fig. 3) . This observation cannot be accounted for by the absorption properties of cryptochromes measured in vitro (Lin et al., 1995; Ahmad et al., 2002) . However, overexpression of the carboxy termini of cryptochromes can yield hypersensitivity to FR (Yang et al., 2000) .
The phyA mutation is epistatic to the effects of CRY2-Cvi reported here (Fig. 3) , indicating that cry2 is a positive regulator of phyA-mediated perception and/or signaling even in the absence of blue light. Genetic interaction between phyA and cry2 had been observed for hypocotyl growth inhibition in seedlings de-etiolating under white light, i.e. in the presence of blue light (Mazzella et al., 2001) . In concordance, two detailed works studying the dynamics of the hypocotyl inhibition under blue light demonstrated that phyA fully impairs cry2 function between 30 and 120 min after the initiation of light treatment (Folta and Spalding, 2001a, 2001b) .
In mammals, cryptochromes have a function as components of the clock observed even in darkness in addition to their function in the light input (van der Horst et al., 1999) . In Arabidopsis, cry1 and cry2 are not key components of the clock (Devlin and Kay, 2000; Yanovsky et al., 2000a) but are involved in the light input to the clock (Yanovsky et al., 2001) . In Arabidopsis, cry1 and cry2 mutants show an extended period of the circadian rhythm of expression of a light-harvesting chlorophyll-binding protein gene under R (Devlin and Kay, 2000) . However, the latter effects are larger than those of the phyA mutation and can be observed in the phyA background (Devlin and Kay, 2000) , indicating a fundamental difference between the effects of cryptochromes on clock period and cotyledon unfolding in the absence of blue light. El-Assal et al. (2001) have shown that CRY2-Cvi accelerates flowering under short photoperiods. The phyA mutation is not epistatic to the latter phenotype (data not shown; see also S.E.-D. El-Assal, C. Alonso-Blanco, A.J.M. Peeters, C. Wagemaker, J.L. Weller, and M. Koornneef, unpublished data), which, therefore, would be more directly mediated by CRY2-Cvi.
We have identified two novel QTLs for the VLFR of cotyledon unfolding (VLF6 ϭ CRY2 and VLF7) and three novel QTLs for the VLFR of hypocotyl growth (VLF3, VLF4, and VLF5). A third locus controlling cotyledon unfolding is tentatively equated to the VLF1 locus also polymorphic between Ler and Col (Yanovsky el al., 1997) . Ler, compared with Cvi alleles of VLF1, VLF3, VLF4, VLF5, and VLF7, increased VLFR, whereas the opposite was true for VLF6. In addition, we have confirmed and extended the role of HYP1 and HYP2 in the control of hypocotyl growth (Borevitz el al., 2002) . The Ler allele of HYP1 increased hypocotyl length in darkness, pulses of FR, or continuous FR, but not under pulses of R. This is due to enhanced LFR (phyB-mediated inhibition of hypocotyl growth caused by R compared with FR pulses; Fig. 2) . Some of the QTLs affecting hypocotyl growth reported previously were not detected here, and this is likely to reflect differences in growth conditions. In particular, Borevitz et al. (2002) VLF6 ϭ CRY2-Cvi enhanced the VLFR and reduced the LFR (Fig. 4) . This is not surprising because the phyA or fhy1 mutations that eliminate or reduce VLFR also enhance the LFR (Mazzella et al., 1997), the overexpression of PHYA (Casal and Sánchez, 1994; Casal et al., 2002) , and the eve1 (Luccioni et al., 2002) and spa1 (Baumgardt et al., 2002) mutations that enhance VLFR reduce the LFR. These observations have been interpreted as negative regulation of phyB-mediated LFR by some component of the VLFR signaling cascade (Cerdán et al., 1999) . Other loci as VLF1, VLF2, VLF3, VLF5, and VLF7 affect VLFR but not LFR, suggesting that they would regulate VLFR downstream the point of the VLFR pathway controlling LFR signaling. The possibility of a negative regulation of HIR signaling by VLFR signaling also has been proposed (Luccioni et al., 2002) . However, although CRY2-Cvi and VLF7-Ler reduced HIR, available information does not rule out a trivial explanation based on physical constraints for further cotyledon unfolding under HIR conditions (continuous FR), when the VLFR is already enhanced.
Most photomorphogenic mutants, including those with enhanced or reduced VLFR, have both altered hypocotyl growth and altered cotyledon unfolding responses to light (Baumgardt et al., 2002; Luccioni et al., 2002) . In this report, we have demonstrated the power of QTL mapping to uncover novel loci that selectively affect one of the two physiological responses. This finding suggests a scenario where plants would bear a relatively large number of QTLs with developmental specific action, providing flexibility to the de-etiolation responses.
At least between Ler and Cvi, there is a clear imbalance in the variability for the different response modes. Six QTLs affect primarily the VLFR, but only one (HYP1) shows an effect on the LFR that cannot be accounted for on the basis of a primary action on VLFR (as discussed in the previous paragraph), and none affects selectively the HIR. This is also true for the variability between Ler and Col (Yanovsky et al., 1997) . This might merely reflect the genetic information of Ler, present in both crosses, or a more general tendency for genetic variability in sensitivity to weak signals compared with maximum attainable response. It will be interesting to explore this issue as new RILs become available.
Because the RILs used here are derived from reciprocal crosses between the parental lines (AlonsoBlanco et al., 1998a) , it is possible to evaluate the occurrence of cytoplasmic effects. The lines derived from a cross involving a Ler, compared with Cvi mother, showed enhanced VLFR and reduced LFR and HIR (Fig. 5) . At least in principle, the effects on LFR and HIR could derive from those on VLFR as described in previous paragraphs for the effects of nuclear loci. The reports of cytoplasmic effects are scant (Corey et al., 1976) . A similar analysis conducted for seed traits that are affected by the genotype of the mother plant concluded against the occurrence of a cytoplasmic control for those traits (Alonso-Blanco et al., 1999) . Retrograde signals emanate from the chloroplast to control nuclear gene expression (Surpin et al., 2002) . Mutations at a nuclear gene coding a soluble ATP-binding cassette protein that localizes at the chloroplast periphery impair phyA-mediated de-etiolation under continuous FR (Mller et al., 2001) . Therefore, it is tempting to speculate that chloroplast loci polymorphic between Ler and Cvi could modulate retrograde signaling and, hence, modulate phytochrome-mediated responses.
MATERIALS AND METHODS
Plant Material
The parental lines Ler and Cvi and a set of 105 RILs derived from reciprocal crosses between the two genotypes (Alonso-Blanco et al., 1998a) were obtained from Arabidopsis Biological Resource Center (Ohio State University, Columbus). The La(ERϩ), NIL 42, NIL 45, NIL-EDI (AlonsoBlanco et al., 1998b; Swarup et al., 1999) 
Growth Conditions, Light Treatments, and Physiological Measurements
Twenty seeds were sown in clear plastic boxes (40-ϫ 33-mm 2 ϫ 15-mm height) containing 3 mL of 0.8% (w/v) agar. The boxes were incubated at 4°C in darkness for 3 d and exposed to an R pulse followed by 24 h of darkness to promote seed germination. The seedlings were either kept in the dark or exposed to various light treatment for 3 d. Hypocotyl length was measured to the nearest 0.5 mm with a ruler, and, to eliminate defective seedlings, only the largest 10 seedlings of each box were averaged. The angle between the cotyledons was measured with a protractor.
Hourly pulses of R (3 min, 20 mol m Ϫ2 s Ϫ1 ), hourly pulses of FR (3 min, 50 mol m Ϫ2 s Ϫ1 ), continuous FR (2.5 mol m Ϫ2 s Ϫ1 ), and the mixtures of R-FR (3 min, at least 11 mol m Ϫ2 s Ϫ1 ) used to obtain intermediate calculated proportions of phytochrome in the Pfr form were provided by the sources described earlier (Yanovsky et al., 2000b) . Long-wavelength FR (3 min, 40 mol m Ϫ2 s Ϫ1 ) was provided by incandescent lamps in combination with a water filter and an RG9 filter (Schott, Maintz, Germany).
Analysis of QTLs and Cytoplasmic Effects
Each trait was analyzed separately by using the mean values from three independent experiments. All the lines were included in parallel in each experiment. Each experiment included 10 seedlings per RIL. Hypocotyl length data were normally distributed. Cotyledon angle data were transformed (arcsin ͌ ) to improve the normality of distributions, but none of the conclusions was changed when using the original data. Therefore, results are presented in figures with the original scale. A set of 99 markers covering nearly all of the Arabidopsis genetic map at average intervals of 5 cM was selected from the Cvi/Ler RIL map (Alonso-Blanco et al., 1998a) . The computer software MapQTL version 4.0 (van Ooijen, 2000) was used to identify and locate QTLs on the linkage map by using interval mapping and multiple-QTL model mapping methods as described previously (AlonsoBlanco et al., 2003) . LOD threshold values applied to declare the presence of a QTL were estimated with the permutation tests implemented in MapQTL version 4. The quantitative trait data of the RILs were permuted 1,000 times over the genotypes and empirical LOD thresholds corresponding to a genome wide significance ␣ ϭ 0.05 were estimated between 2.5 and 2.7 for the various data sets. Two-LOD support intervals were established as Ϸ95% QTL confidence intervals. The estimated additive genetic effect and the percentage of variance explained by each QTL and the total variance explained by all the QTLs affecting a trait were obtained with MapQTL in the final multiple-QTL model in which one cofactor marker was fixed per QTL. Additive genetic effects presented correspond to the differences between the estimated means of the two homozygous RIL genotypic groups, at each particular QTL, divided into two. Two-way interactions among the QTLs identified were tested by ANOVA using the corresponding two markers as factors. In addition, two-way interactions were searched for among all pair-wise combinations of the 99 nuclear markers and the cytoplasmic genotype, using the computer program EPISTAT (Chase et al., 1997) with log-likelihood ratio threshold corresponding to a significance P Ͻ 0.001. Because 81 of the RILs carry Ler cytoplasm and 25 carry Cvi cytoplasm, cytoplasmic genetics effects were analyzed in the RIL population using the cytoplasmic genotype as a factor in one-way ANOVA and in multiple factor linear models in combination with the nuclear QTL markers affecting each trait.
